Indeed, a clinical study suggested that E6011 was effective in RA patients. 6 It is important to determine E6011 concentrations in serum in order to understand the relationship with its efficacy.
Therefore, it is required to establish a bioanalytical method for the determination of E6011.
This study presents, for the first time, a robust bioanalytical method for the determination of E6011 levels in serum samples by ligand binding assay platform using electrochemiluminescence (ECL)
immunoassay. The developed method was validated according to bioanalytical guidelines by US Food and Drug Administration and European Medicines Agency, and then successfully applied to determine serum E6011 levels in support of pharmacokinetic studies in cynomolgus monkeys and clinical trials. In clinical trials, incurred sample reanalysis was performed to further ensure the robustness of the developed assay method.
| MATERIAL S AND ME THODS

| Materials
E6011 and fractalkine were produced at KAN Research Institute
Inc. (Hyogo, Japan) and Eisai Co., Ltd. (Ibaraki, Japan) using recombinant DNA techniques. A rabbit anti-E6011 Fab polyclonal antibody was produced by Eisai Co., Ltd. Blank human serum was prepared from male and female volunteers, or purchased from KAC Co., Ltd.
(Kyoto, Japan). Sulfo-tag NHS-ester was purchased from Meso Scale Discovery (MD, USA). Bovine serum albumin, Tris-buffered saline, and
Tween-20 were purchased from Sigma-Aldrich (MO, USA). 2-amino-2-hydroxymethyl-1,3-propanediol, hydrochloric acid, and skim milk were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan).
| Preparation of conjugated reagents for detection
Sulfo-tag solution was mixed with anti-E6011 antibody with a molar ratio of 1:18. The mixture was incubated at room temperature for 2 hours with shaking. The mixture was applied to a PD-10 column equilibrated with PBS, and the eluate was fractionated by 0.3 mL each. Four fractions, with high protein concentrations measured by the spectrometer at 280 nm, were mixed. Protein concentrations were then determined with bovine gamma globulin as a standard of calibration. Aliquots of Sulfo-tag labeled anti-E6011 antibody were stored at −80°C.
| Preparation of samples
A stock solution of E6011 (ca. 10 or 100 mg/mL) was fortified in drug-free, blank sera. For the human assay, calibration samples were prepared at concentrations of 0.025, 0.05, 0.1, 0.5, 1, 5, 10, 50, and 100 μg/mL, with 0.025 and 0.05 μg/mL used as anchor points. For the monkey assay, calibration samples were prepared at concentrations of 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 50, 100, and 200 μg/mL with 0.01 μg/mL as an anchor point.
Quality control (QC) samples, including the lower limit of quantifi- 
| Immunoassay procedure
| Method validation
In this study, duplicate wells were assayed per sample, unless otherwise stated. Three replicates were used in stability assessments (total of six wells assayed per sample).
| Calibration curve and prozone effect
Correlation coefficient and inaccuracy as relative error (RE) of backcalculated concentrations were determined using calibration samples across nine and 13 plates for monkey and human assays, respectively.
At least 75% of the calibration samples should have RE within ±20% (±25% was allowed for the LLOQ). The coefficient of determination should be 0.98 or higher. In the assessment of prozone effects, samples at higher concentrations than the ULOQ were assayed to check
whether ECL signals were higher than that of the ULOQ. When the signals were higher, no prozone effects were ensured.
| Selectivity
E6011 at three concentrations (low, mid, and high) was fortified in drug-free blank sera from six individual monkeys and 20 individual humans, and then subjected to immunoassay according to the method described above. At least 80% of tested individual samples should have RE within ±20% of the nominal concentrations. Blank serum from each individual was also assessed to ensure that the determined E6011 levels were below the LLOQ.
| Intra-and interbatch reproducibility and dilution integrity
Accuracy and precision in the intra-and interbatch reproducibility were evaluated using QC samples at five concentrations (LLOQ, LQC, MQC, HQC, and ULOQ) covering the calibration range. Five replicates per concentration were assessed in an assay batch for the intrabatch reproducibility, while the interbatch reproducibility repeated intra batch assay across five separate assay batches. The RE and relative standard deviation (RSD) as imprecision, at each concentration, were calculated. The acceptance criteria for RE and RSD were ±25%
and 25%, respectively, for the LLOQ, while ±20% and 20% were acceptable for LQC, MQC, and HQC, and ULOQ. Dilution integrity for assaying samples above the ULOQ was also examined using QC samples diluted 10-and 100-fold with drug-free blank sera. The QC samples for the dilution integrity were assayed to estimate the RE and RSD. The RE and RSD should be within ±20% and 20%, respectively.
| Potential impacts of FKN
Potential impacts of FKN on E6011 assay were evaluated with varying combination of FKN levels and E6011 levels. E6011 concentrations were 0.3, 3, and 75 μg/mL and FKN concentrations were 0, 1, 5, 10, and 50 ng/mL. The RE of E6011 with or without FKN was calculated and checked, verifying whether the RE was within ±20%.
| Parallelism
Parallelism was assessed using serum samples from six subjects dosed with E6011. A serum sample was diluted by 2-, 8-, 32, and 128-fold by blank serum and multiple diluted samples along with an undiluted one were assayed to determine E6011 concentrations.
Parallelism in the assay was ensured when the RSD of E6011 levels in undiluted and multiple diluted samples was within 20% and % bias of multiple diluted samples was within ±20% of the undiluted one.
| Stability
Various stability assessments including bench-top stability in serum at room temperature, stability in serum after multiple freeze-thaw cycles, and frozen stability in serum at −20°C for humans and −80°C for monkey and humans were performed at low and high E6011 concentrations using LQC, MQC, and HQC samples. The bench-top stability was assessed for 24 hours, and the freeze/thaw stability was evaluated after five cycles. Frozen stability was checked up to 367 and 735 days for monkey and human sera, respectively. The average RE should be within ±20% of the nominal concentration to be judged stable.
| Application
The established method was applied to a pharmacokinetic study in monkeys and a phase 1 clinical study. E6011 was intravenously administered at 0.05, 0. An incurred sample reanalysis (ISR) was performed using 48 samples obtained from 24 subjects to further ensure the robustness of the method. Two samples from each subject taken at time points near the T max and during the elimination phase were selected for the ISR assessment. The assay data in the ISR were compared to those in the original assay to assess whether the bias was within ±30% for more than 67% of the samples tested.
| RE SULTS
| Method validation
| Calibration curve and prozone effect
A representative calibration curve of E6011 plotting nominal concentrations and corresponding ECL signals in monkey and human sera is shown in Figure 1 . The regression was employed using four-parameter logistic model with a weighting of (1/signal 2 ), and the RE at each concentration was calculated. Table S1 shows RE and RSD of calibration samples across all the assay runs. The RE was within ±8.0% and ±1.5%
in monkeys and humans, respectively, across concentrations covering the quantification range. The RSD (%) was equal to or less than 4.8% and 2.9% in nine assay runs for monkeys and 13 assay runs for humans,
respectively. ECL signals from samples with concentration exceeding ULOQ were higher than those of the ULOQ samples, indicating no prozone effects in both monkey and human assays.
| Selectivity
Selectivity of the assay method was evaluated using QC samples at three concentrations (low, mid, and high), utilizing serum samples from six individual monkeys and 20 individual humans including healthy subjects and subjects with RA or Crohn's disease. The RE of the selectivity samples was within ±20% for 6 individual monkeys and at least 19 individual subjects. Selectivity was ensured as the results were within the acceptance criteria.
| Intra-and interbatch reproducibility and dilution integrity
Intra-and interbatch reproducibility for E6011 assay were evaluated at five E6011 concentrations using LLOQ, LQC, MQC, HQC, and ULOQ in monkey and human sera. The results are presented in Table 1 . In the intra batch reproducibility, RE and RSD were within ±19.0% and less than 17.4%, respectively, in monkey assay. In human assay, the RE and RSD were within ±2.8% and 6.0%, respectively.
In the interbatch reproducibility, the RE and RSD were equal to or less than ±11.7% and 16.6%, respectively, in monkey assay, while they were ±6.0% and 13.8% in human assay, respectively. These results were within the acceptance criteria recommended by the bioanalytical guidelines from US Food and Drug Administration and European Medicines Agency. 7, 8 For the dilution integrity, QC samples, diluted 10-and 100-fold with drug-free blank serum, were assayed in monkeys and humans.
The RE and RSD were within ±9.7% and 1.7%, respectively, in monkeys and were within ±2.5% and 2.4%, respectively, in humans, ensuring the dilution integrity up to 100-fold (Table S2 ).
| Potential impacts of FKN
Potential impacts of FKN on E6011 assay were evaluated in human serum. In the presence of FKN up to 50 ng/mL, the RE at 0.3, 3, and 75 μg/mL was within ±11.2%. This result demonstrated that FKN did not impact the E6011 assay, at least up to 50 ng/mL. As clinically relevant levels of soluble FKN were elevated up to 25 ng/mL in RA subjects, 9 it is highly likely that FKN would not impact the E6011 assay in clinical settings.
| Parallelism
Parallelism was assessed using 6 serum samples from each subject dosed with E6011. Serum samples diluted by 2-, 8-, 32-, and 128-fold, along with a serum sample without dilution, were assayed to determine E6011 concentrations. The undiluted serum E6011 levels in six subjects were 61.5, 70.8, 71.8, 71.9, 75.8, and 83.2 μg/mL (Figure 2 ).
The measured E6011 levels with multiple dilutions in 6 subjects were within ±12.7% of the undiluted ones. The RSD of undiluted and F I G U R E 1 A typical calibration curve of E6011 in monkey and human sera. E6011 concentrations in monkey serum (•) or human serum (○) and relative mean electrochemiluminescence units are plotted for 4-parametric logistic regression. E6011 was quantifiable from 0.02 and 0.1 μg/mL in neat monkey and human sera, respectively. Although anchoring points (0 and 0.010 μg/mL in monkeys and 0, 0.025, and 0.050 μg/mL in humans) were included in 4-parametric logistic regression, and relative error at those points was not determined multiple diluted samples (n = 5/sample) was within ±5.8%. These results suggest that the parallelism in the assay was ensured.
| Stability
Results of the stability assessment are represented in Table 2. E6011 was stable in monkey and human sera for at least 367 and 735 days at −80°C, respectively. Stability in serum was also ensured at −20°C up to 735 days in human serum. In both monkey and human sera, bench-top stability was ensured for 24 hours at room temperature.
E6011 in sera was stable even after 5 freeze/thaw cycles.
| Application
Serum concentrations of E6011 were determined in a monkey pharmacokinetic study and a phase 1 clinical study. Serum samples prepared from obtained blood samples were subjected to the assay according to the validated method. Pharmacokinetic profiles of E6011 in monkeys after a single intravenous administration and those in humans after a single subcutaneous administration are F I G U R E 2 Parallelism of E6011 assay in human serum. E6011 concentrations in serum were determined with and without dilution. A serum sample from six subjects dosed with E6011 (n = 1/ subject) was subjected to multiple dilutions (twofold, eightfold, 32-, and 128-fold). A nondiluted sample and multiple-diluted samples were assayed by the validated electrochemiluminescence assay. Multiple dilutions and determined concentrations were plotted HQC, high-concentration quality control; LQC, low-concentration quality control; MQC, middle-concentration quality control; RE, relative error; RSD, relative standard deviation. Stability was assessed by three replicates per concentration.
shown in Figure 3 . Nonlinear pharmacokinetic profiles of E6011
were observed in monkeys at doses ranging from 0.05 to 10 mg/ kg. The elimination half-life of E6011 in serum ranged from 7.6 to 340.9 hours (Table 3 ).
In humans, serum E6011 levels elevated with increases in doses ranging from 50 to 400 mg after subcutaneous administration ( Figure 3 ). E6011 levels in serum reached the maximum at 156 hours postdose and then eliminated with t 1/2 of 349 hours at a dose of 400 mg (Table 4) . A total of 48 samples from humans were subjected to the ISR, and serum E6011 levels in the reanalysis were compared with those in the original assay. All the samples tested had a bias within ±30% which met the acceptance criteria (reanalysis results within 30% of their mean for at least 67% of the repeats).
Successful ISR results, along with the method validation study, further support the robustness of the developed method and its usefulness in supporting pharmacokinetic studies in monkeys and humans.
| D ISCUSS I ON
Quantification of therapeutic antibodies is important for their pharmacological and toxicological assessment. Therefore, it is F I G U R E 3 Serum concentration-time profiles of E6011 in monkeys and humans. E6011 was intravenously administered to cynomolgus monkeys (n = 3/dose) at doses of 0.05-10 mg/kg (A) and was subcutaneously administered to humans (n = 6/dose) at 50-400 mg (B critical to establish robust and reproducible bioanalytical methods for therapeutic antibodies. Prior to the method validation study, a quantification method of E6011 in sera was established based on the following method development. In both monkey and human assays, coating antigen concentrations, detection antibody concentrations, and minimum required dilution (MRD) of serum samples were evaluated to optimize the assay conditions.
In assay optimization, the following combination of three conditions was assessed: 2, 4, 6, and 8 μg/mL for capture antigen levels;
5, 10, and 20 μg/mL for detection antibody levels; and 100, 250, 500, and 1000 for the MRD. As the inaccuracy of each calibration sample of E6011 in monkey serum ranging from 0.02 to 200 μg/ mL was acceptable, concentrations of antigen, detection antibody, and MRD were set at 2 μg/mL, 10 μg/mL, and 500, respectively. In setting the quantification range, the LLOQ in the human assay was increased to 0.1 μg/mL from 0.02 μg/mL in monkey serum. This was due to the finding that blank human sera from some subjects showed detectable E6011 levels (>0.02 μg/mL). The ULOQ was set at 100 μg/mL in the human assay method validation study as signals at 200 μg/mL were proximal to plateau levels, which would cause variability in back-calculated concentrations. After optimization of the method, the method validation study was performed to ensure accuracy and precision of the established assay in monkey and human sera.
The method validation study was performed in accordance with the bioanalytical guidelines from European Medicines Agency. 7 The inaccuracy and imprecision in the intra-and interbatch reproducibility studies, were within the pre-defined acceptance criteria recommended by the regulatory authorities. 7, 8 Other assay parameters, including selectivity, prozone effects, dilution integrity, effects of the target antigen, and stability evaluations, also supported that the established assay is reproducible.
Among the method validation parameters, parallelism is one of the critical parameters to evaluate the effects of dilution on the quantification of analytes using in-study samples and not QC samples.
In this study, parallelism was evaluated to ensure that the binding characteristics of antibody are similar even in diluted sera with potential catabolites of E6011. Parallelism was ensured using human sera from 6 individuals, which further supports the validity of the established assay method. Hampson et al 10 ensured parallelism of rituximab in the validated ELISA assay using human serum from three individuals.
The validated assay method of E6011 was applied to instudy sample assay in both preclinical and clinical studies. In both cynomolgus monkeys at 0.05-10 mg/kg of E6011 and humans at 50-400 mg of E6011, nonlinear pharmacokinetic profiles possibly due to target-mediated drug disposition were noted.
The AUC increased more than the proportion of doses and elimination half-life was prolonged as the doses increased.
The nonlinear pharmacokinetic profiles were also reported in other therapeutic antibodies including those for the treatment of RA. 11 The findings of the ISR assessment and performance of QC samples ensured that the assay of in-study sample was reliable using the validated assay method of E6011. Data from the present validation study demonstrated that the developed ECL method for the determination of E6011 in monkey and human serum is reproducible and was successfully applied, thereby supporting pharmacokinetic studies of E6011 in monkeys and humans.
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